We tailor the dispersive properties of a nanoscale structure to enable Ϯ90°visible light-bending. The geometry and constituent materials of the structure are selected such that two low-loss modes are available to channel light toward and away from a nanoscale 90°-bend. Based on numerical simulations of visible light propagation through the structure, we propose an optimized geometry that yields maximum field overlap between the mode propagating toward and the mode propagating away from the 90°-bend, resulting in a peak bending efficiency of 92%.
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Bending losses arise from the wave vector mismatch between the guided mode in the waveguide prior to the bend and the guided mode͑s͒ in the bent section of the waveguide; this mismatch generally yields scattering losses into unguided, radiative modes that propagate away from the waveguide bend. Several approaches have been proposed to achieve 90°bends consisting of dielectric photonic crystals 2 and resonators. 3 One promising method to restrict the amount of loss in a waveguide bend is to construct a bend by joining the dielectric cores of two metal-dielectric-metal ͑MDM͒ waveguides oriented at 90°to each other. [4] [5] [6] When the dielectric core thickness is nanoscale and the cladding is constructed from a low-loss metal such as silver ͑Ag͒, the waveguide bend can sustain a surface-plasmon-polariton ͑SPP͒ mode localized at the metal-dielectric interfaces. This configuration is limited at visible frequencies due to dissipaa͒ Electronic mail: kenneth.chau@ubc.ca.
FIG. 1. ͑Color online͒
Step-by-step design procedure to select modes appropriate for realizing light-bending. Values of ␤ គ are calculated for modes sustained by: ͑a͒ a GaP-filled slit in a planar Ag layer where the region above the slit is air and ͑b͒ a GaPfilled slit in the Ag layer where the top of the slit is coated with a layer of GaP and the region above the layer is air. Re͓␤ គ ͔ ͓͑c͒ and ͑d͔͒ and ͉Im͓␤ គ ͔͉ ͓͑e͒ and ͑f͔͒ for plane-wave, SPP, and TM 1 modes sustained in the slit and in the region above the slit. tion losses in the metal cladding and back-scattering losses at the bend. 5 The former arises from the relatively large field penetration into the metal at visible frequencies and the latter arises from a wave vector mismatch between the SPP modes before and after the bend.
In this paper, we design a nanoscale light-bending structure capable of Ϯ90°bending of transverse-magnetic ͑TM͒ polarized visible light with efficiency exceeding 90%. The light-bending structure is designed by mapping the complex propagation constants, ␤ គ , of the modes sustained by the structure and then optimizing the physical parameters of the structure to achieve coupling between two, low-loss TM 1 modes 7 to channel light around a 90°-bend. The selection of low-loss TM 1 modes, rather than only the high-loss SPP mode in previously explored configurations, [4] [5] [6] mitigates dissipation loss and enables high bending efficiencies at visible frequencies.
Consider the geometry depicted in Fig. 1͑a͒ . A semiinfinite layer of Ag with complex relative permittivity ⑀ គ m extends infinitely in the x-and y-directions and occupies the region −t Ͻ z Ͻ 0. A slit of width w = 150 nm oriented parallel to the z-axis and centered at x = 0 is cut into the Ag layer. The slit is filled with a lossless dielectric ͑GaP͒ with relative permittivity ⑀ d = 3.5 2 . The region above and below the Ag layer is air with unit relative permittivity. All media are assumed to be nonmagnetic with unit relative permeability. The slit is illuminated with a TM-polarized electromagnetic plane wave of wavelength 0 = 500 nm and free-space wave vector k 0 =2 / 0 normally incident along the z-axis from the air region below the slit.
The air region above the Ag layer allows a SPP mode at the Ag-air interface and free-space plane-wave modes. The slit sustains a SPP mode and TM modes. ␤ គ of the SPP mode and the TM 1 mode in the slit are obtained by approximating the slit as an infinite Ag-GaP-Ag waveguide and solving the exponential and oscillatory forms of the complex eigenvalue equations for the waveguide, 7 respectively, using the Davidenko method with an iterative solving scheme. 8 ⑀ គ m is modeled by polynomial fits to experimental data of its real and imaginary parts. 9 Due to the infinite extent of the structure in the y-direction and the symmetric illumination conditions, we consider only modes with symmetric field evenly distributed about the plane x =0.
As shown in Fig. 1͑c͒ , the SPP Re͓␤ គ ͔ curve is characterized by two branches of opposite slope separated by an inflection point at the surface-plasmon-resonance frequency of the Ag-GaP interface, sp Ӎ 5.6ϫ 10 14 Hz ͑corresponding to sp Ӎ 540 nm͒. ␤ គ for the TM 1 mode exist only above the cutoff frequency, c Ӎ 3.3ϫ 10 14 Hz. As shown in Fig. 1͑e͒ , Im͓␤ គ ͔ for the SPP mode in the slit increases asymptotically as increases from 4.0ϫ 10 14 Hz to sp , and remains large for Ͼ sp . The Im͓␤ គ ͔ curve for the TM 1 mode decreases with increasing frequency, with a kneel in the curve near Ӎ 5.0ϫ 10 14 Hz separating a lower-frequency region of high attenuation and a higher-frequency region of low attenuation.
A mode is propagative when 2 Im͓␤ គ ͔ Ͻ Re͓␤ គ ͔. At = 6.0ϫ 10 14 Hz ͑or 0 = 500 nm͒ the SPP mode in the slit is nonpropagative and the TM 1 mode in the slit is propagative. In the region above the slit, propagative channels for electromagnetic energy include plane-wave modes in air and the SPP mode at the Ag-air interface. Plane-wave modes propagate along a continuum of directions all with a component along the +z-direction, while SPP modes propagate only along the Ϯx-directions. Because the plane-wave and SPP modes are both propagative with Re͓␤ គ ͔ values similar in value and slope ͓Fig. 1͑c͔͒, it is difficult to couple only into the SPP mode without also coupling into plane-wave modes.
Consider the geometry depicted in Fig. 1͑b͒ , in which the slit is now coated with a GaP layer of thickness d = 100 nm occupying the region 0 Ͻ z Ͻ d and the region above the GaP layer is air. The GaP layer sustains a SPP mode and TM modes. ␤ គ of the SPP mode and the TM 1 mode in the GaP layer are obtained by approximating the layer as   FIG. 2 . ͑Color online͒ Selecting the light-bending structure parameters to yield high coupling efficiency. ͑a͒ plots the transverse distribution of the magnetic field intensity associated with the TM 1 mode in a Ag-GaP-Ag waveguide formed by the slit for fixed parameters 0 = 500 nm, w = 150 nm, and d = 100 nm. ͑b͒ plots the half-wavelength of the TM 1 mode in the GaP layer as a function of the layer thickness. The dashed gray line indicates the lateral width of the TM 1 mode in the slit. ͑c͒ depicts FDTDcalculated coupling efficiencies vs the GaP layer thickness at a fixed wavelength 0 = 500 nm and the wavelength for a fixed GaP layer thickness d = 100 nm.
an infinite Ag-GaP-air waveguide and solving the exponential and oscillatory forms of the complex eigenvalue equation for the waveguide, respectively. As shown in Figs. 1͑e͒ and  1͑f͒ , the SPP and TM 1 modes in the GaP layer are nonpropagative and propagative, respectively, at = 6.0ϫ 10 14 Hz. Propagative channels for electromagnetic energy in the region above the slit include plane-wave modes in air and the TM 1 mode in the GaP layer. Because the plane-wave modes in air and TM 1 mode in the GaP layer have Re͓␤ គ ͔ values that are dissimilar in value and slope ͓Fig. 1͑d͔͒, it is possible to couple only into the TM 1 mode.
Light bending is achievable by coupling the TM 1 mode in the slit to the TM 1 mode in the GaP layer. Because the propagation direction of the two TM 1 modes are oriented 90°t o each other, maximum spatial field overlap between the two modes is achieved when the transverse field profile of the mode in the slit is overlapped with the longitudinal field profile of the mode in the GaP layer. This field overlap condition occurs when the width of the TM 1 mode in the x-direction, , matches the half-wavelength of the TM 1 mode in the GaP layer above the slit, TM / 2= / Re͓␤ គ ͔. For 0 = 500 nm, the TM field intensity ͉H y ͉ 2 distribution of the TM 1 mode in the slit ͓Fig. 2͑a͔͒ is symmetric about the plane x = 0 with the majority of the modal field intensity localized in the GaP core. We measure Ӎ 120 nm based on the distance between the two null points in the transverse ͉H y ͉ The bending efficiency of the structure is modeled by numerical solutions of Maxwell's Equations via the finitedifference time-domain ͑FDTD͒ method. The simulation space is 4000ϫ 1400 pixels at resolution of 1 nm/pixel with perfectly matched layer boundary conditions. The simulation geometry is shown in Fig. 3͑a͒ . A +z-propagating TMpolarized wave centered at x = 0 with a full-width-at-halfmaximum of 1200 nm is normally incident on the bottom surface of the slit. The region below the Ag layer and above the GaP layer is air. Line detectors D 1,2 and D 3 are placed in the simulation space to measure H y 2 of the TM 1 modes in the GaP layer and of the radiating modes in the air region, respectively. The bending efficiency is quantified by the ratio of ͗H y 2 ͘ captured by D 1,2 to the total ͗H y 2 ͘ emitted from the slit. 10 For a fixed 0 = 500 nm, a maximum bending efficiency of 92% is achieved for d Ӎ 100 nm ͓Fig. 2͑c͔͒, matching the d value that fulfills the field overlap condition. For a fixed d = 100 nm, the coupling efficiency Ӎ95% in the range 450Ͻ 0 Ͻ 500 nm and diminishes dramatically at wavelengths outside of this range ͓Fig. 2͑c͔͒.
As shown in Fig. 3͑b͒ , both the slit and the GaP layer above the slit sustain TM 1 modes characterized by field intensity distributions localized within the GaP-filled region. High-efficiency 90°light-bending at the slit exit is evidenced by almost complete diversion of the +z-propagating TM 1 mode in the slit into the Ϯx-propagating TM 1 mode in the GaP layer, with minimal light scattered into free-space planewave modes in the air region above the GaP layer. Due to the minimal field penetration into the Ag layer, the TM 1 mode in the GaP layer above the slit can propagate Ӎ50 m before the field amplitude decays to e −1 of its initial value. In conclusion, we have presented the step-by-step design of a highly-efficient Ϯ90°waveguide bend over nanoscale distances. The thickness of a dielectric layer above a slit in a metal film has been tuned to yield high field overlap between the modes at the slit exit, resulting in efficient visible-light bending with minimal radiation loss. 2 ͘ radiated into the air region. ͑b͒ Snapshot of the instantaneous H y 2 for normally-incident, free-space, TMpolarized illumination of the structure at 0 = 500 nm. The inset in ͑b͒ is a magnified image of the TM 1 mode emerging from the slit and splitting symmetrically into TM 1 modes confined to the GaP layer.
